Over 1.7 million Virginians rely on private water sources to provide household water. The heaviest reliance on these systems occurs in rural areas, which are often underserved with respect to available financial resources and access to environmental health education. This study aimed to identify potential associations between concentrations of fecal indicator bacteria (FIB) (coliforms, Escherichia coli) in over 800 samples collected at the point-of-use from homes with private water supply systems and homeowner-provided demographic data (household income and education). Of the 828 samples tested, 349 (42%) of samples tested positive for total coliform and 55 (6.6%) tested positive for E. coli.
INTRODUCTION
Estimates from various government agencies report that 23 to 45 million Americans currently rely on private water supply systems (wells, springs, and/or cisterns) for drinking water (USGS ; USEPA ). The United States Environmental Protection Agency (USEPA) regulates public drinking water systems (e.g., systems serving more than 15 connections or 25 individuals at least 60 days each year) via the Safe Drinking Water Act (SDWA) of 1974, which details health-based water quality standards and specific monitoring requirements. Since the implementation of the SDWA and related supplemental statutes, the proportion of the national population served by water systems that meet all health-based standards has steadily increased (USEPA ). However, the SDWA does not apply to private water supply systems; the USEPA simply microorganisms fairly ubiquitous (Macler & Merkle ) .
A recent US Geological Survey (USGS) study of over 1,389 private household wells sampled at the point-ofentry reported that 23% of samples exceeded at least one of the SDWA's maximum contaminant levels (MCLs) for chemical contaminants (e.g., nitrate, fluoride, pesticides).
In addition, 34% of samples were positive for total coliforms and 8% tested positive for Escherichia coli (USGS ).
Although this USGS effort aimed to characterize ambient groundwater quality, the reported prevalence of microbial contamination was very similar to that observed by studies examining private water system quality at the point-of-use (POU) (i.e., a faucet within the household). A recent compilation of research and extension studies conducted over the past 35 years indicated that total coliform contamination in samples collected from the POU of private water supplies throughout the United States is not uncommon, with overall incidence ranging from 15 to 85% (Allevi et al. ) .
Several previous surveys of water quality from private drinking water supplies have linked system construction and/or environmental factors to contaminant presence. In contrast, attempts to explore possible connections between observations of water quality in private drinking water supply systems and demographic factors are relatively limited. The only relevant work identified is a 30-year-old study commissioned by the USEPA to gather information about rural water supplies in the USA (Francis  (Seiler et al. ) . Caffeine concentrations as high as 0.23 μg/L were observed in some samples, though this level is considerably lower than concentrations typically found in wastewater (between 20 and 300 μg/L) and septic tank effluents (100-120 μg/L). 
METHODS

Sample processing
Samples analyzed in this study were obtained through col- As mentioned previously, a dozen additional water quality analyses are conducted on these samples in conjunction with the VAHWQP drinking water clinics; however, given this study's focus on bacterial contamination, discussion of these results is limited. Previous research by Allevi et al.
() found no statistically significant associations between bacterial concentrations and phsyio-chemical measures. Table 2 . All assays also included the following controls:
Source tracking analyses
(1) a negative control containing all reagents except the template DNA to detect contaminating amplicons or nonspecific amplification; (2) It must be noted that for statistical analysis, each household was assigned an education level based on responses entered by the presumed 'head of household'. For the purposes of this study, the personal information (e.g., education, age) that was entered first was assumed to correspond to the head of the household. If a child's information was listed first, then the last person's information was assumed to be the head of household.
RESULTS
Participant profile
The 2012 VAHWQP Drinking Water Clinics collected samples from 828 households with an average of 2.3 
HF183-F Human-specific Bacteriodales ATCATGAGTTCACATGTCCG HF183-R CGTAGGAGTTTGGACCGTGT
HF183-P 6FAMTATCGAAAATCTCACGGATTAACTCTTGTGTACGCTAMRA
-F indicates a forward primer; -R indicates a reverse primer; -P indicates a probe. (48%) had 'never' previously tested their drinking water quality, though the majority of household members (82%) did regularly drink their water. the maximum detection limits for total coliform and one sample exceeded the maximum detection limit for E. coli. 
Microbial contamination
Concentrations
Associations between demographic data and bacterial contamination
Since the demographic information ( 
Source tracking analyses
Of the 828 samples that were tested for the presence of optical brighteners, 29 tested positive. Characteristics of samples positive for optical brighteners are summarized in Table 4 . Northumberland, although the total number of samples from these counties (n ¼ 85) comprised only 10% of total sample population. None of the optical brightener positive samples from these coastal counties were positive for E. coli contamination.
Thirty-five E. coli-positive samples were analyzed via qPCR for the human specific HF183 Bacteroides target.
All 21 samples positive for HF183 were also positive for the general fecal Bacteroides marker, GenBac. All samples were also positive for total coliform and E. coli, and the observed concentrations in these samples were much higher than the average concentration (Table 4 ). The majority of HF183-positive samples (57%) were collected from systems dependent on dug/bored wells, which are more prevalent in eastern Virginia, and are generally relatively shallow and more vulnerable to contamination from shallows subsurface flow. Also, the majority of these systems (81%) did not report having a water quality treatment device in place (e.g., sediment filter, chlorinator).
Of the samples described in Table 4 , two were positive for both optical brighteners and BacHF183, and so would be considered very likely contaminated by human fecal material (e.g., septage). One of these samples originated from a household that relies on a spring and the other was from a drilled/ bored well. Concentrations of total coliform in these samples were >2,421 MPN/100 mL (over detection limit) and 658 MPN/100 mL, and concentrations of E. coli were 2,420 MPN/100 mL and 583 MPN/100 mL, respectively.
No treatment device was reported in either household and participants indicated that the water had never been tested previously. All members of both households indicated that they did drink the water. While total coliform results across demographic categories were perhaps indicative of a relationship between socio-economic factors and water quality, these results must be viewed with considerable caution, as the participating population was noticeably skewed toward higher income, more highly educated homeowners ( Figure 3 ; The present study solely relied on volunteer participation in a Cooperative Extension Program designed to provide educational assistance to families dependent on private water supplies, and the available dataset was skewed toward households with higher education and median income. Nonetheless, the detection of some significant associations despite these inherent limitations recommends further investigation into possible relationships between demographic characteristics and drinking water quality.
DISCUSSION
Confirmation of associations between socio-economic factors and water quality issues will be useful in the design and justification of further extension programs and other public health interventions aimed at improving drinking water quality (e.g., lower cost testing, availability of educational resources, etc.).
Chemical (optical brighteners) and microbial (Bacteroides HF183) fecal source tracking targets suggested potential human sewage contamination in 29 and 21 samples, respectively. Although used frequently in surface water studies, the usefulness of these targets in detecting the sources of contamination in private drinking water supplies in order to guide remediation efforts is unclear, particularly with respect to optical brighteners. Four of the 29 samples positive for optical brighteners did not contain detectable E. coli, which may reflect relative differences in fate and transport within aquifer media, especially as the majority of these samples were in a single region of Virginia characterized by sandy soils. Further studies are required to resolve this discrepancy, and to determine how source tracking techniques can be best integrated within monitoring strategies to detect drinking water contamination within systems dependent on groundwater sources.
